MeV in excitation were resolved and compared with theory.
I. INTRODUCTION
In this paper we summarize procedures for calculating the various components of electron scattering form factors from conventional multiparticle .shell-model wave functions. We then apply these procedures to compare recent experimental results on ' F with the predictions from a new calculation of sd-shell nuclear structure. Earlier electron scattering experiments' on ' F lacked the energy resolution to separate many of the excited states. Also lacking in previous work were the ranges of energy and angle necessary to map the transition densities over a wide range of momentum transfers and to separate the longitudinal and transverse components.
The present work marks significant advances in these areas. By using the high-resolution scattering facility ' of the Bates Linear Accelerator Center, energy resolutions of 25 -50 keV have been achieved and measurements have been made at momentum transfers up to 2.4 fm '. It has thus been possible to resolve about 41 levels below an excitation energy of 8 MeV. These data, which provide examples of both transverse and longitudinal excitations of multipolarity 1 through 4, measured over a broad range of momentum transfer, provide the material for a thorough examination of nuclear phenomena as revealed by electron scattering and of how these phenomena can be reproduced from wave functions obtained in shell-model calculations.
Many aspects of ' usceptibility of this N = 10, Z =9 system to the breaking of the X=Z=8 "magic number" core. Some negativeparity excitations can also be treated microscopically, and thus there is the chance in ' F to study deformations which arise out of negative-parity "particle-hole" excitations simultaneously with those stemming from "particles-only" excitations.
Finally, the interplay of the closed-core and the excited-core configurations in ' F make it an excellent laboratory in which to study the coexistence of "orthodox" shell-model states and "intruder" states of the same parity. Further away from the shell-closure boundaries, the states in the low-energy portion of the excitation energy spectra seem to be dominated by the orthodox configurations constructed from the orbits of the conventional shell-model space. For the sd shell the conventional space consists of the Od5&2, 1s»2, and Od3/p orbits. In ' F, the relative simplicity of the spectrum of excitations which can be legitimately generated out of this space as compared to the complexity of the observed spectrum makes it apparent that many of the positive-parity states observed in the low-energy portion of the experimental spectrum must have their origins outside of the sd-shell space. Presumably, the presence of these intruder states at low excitation energies is to be associated with the proximity of ' In Sec. V, we discuss the theoretical formulations of the ' F wave functions which we use here, along with the approximations we use to calculate the transition densities and form factors. Comparison between experiment and theory is made in Sec. VI and our conclusions are summarized in Sec. VII.
II. EXPERIMENTAL PROCEDURE
Electrons of energies from 78 to 340 MeV, produced by the Bates Linear Accelerator, ' were used for this experiment. The electron beam was carried about 75 m from the accelerator to the target area by a magnetic transport system that presented a space-focused beam on the target which had a momentum dispersion of about 7 cm/%. The targets used in this experiment were sheets of Teflon' It was discovered early in the experimental work that the useful lifetime of the Teflon targets was strongly related to the duty cycle of the accelerator. For the same average current, a peak current of 5 mA would normally result in target failure in about two hours, whereas a peak current of 1.5 mA would typically result in a useful target lifetime greater that 24 hours. By keeping the accelerator peak current below 2 mA, it was normally possible to complete a 72-hour run with three targets while running an average beam current of 8 -12 pA.
The ratio of ' F to ' C in the Teflon targets was monitored as a function of time to determine if there were chemical changes in the target due to electron bombardment. This ratio was never observed to vary by more than 2%, as determined by the areas of the elastic scattering peaks. The physical changes in the targets, such as embrittlement, appeared to be due to changes in the polymer linkages and not due to differential loss of the constituents.
The integrated beam current was measured by a nonintercepting ferrite monitor' which had been calibrated by the National Bureau of Standards against a standard Faraday cup to absolute accuracy of about 0.1%. This calibration was checked on a routine basis by a precision pulser feeding into a one-turn current loop wound onto the toriod. The MIT energy-loss spectrometer and focal-plane detector system which were used in this experiment are described in detail elsewhere. ' An absolute resolution of 25 -50 keV was attained in this experiment at a solid angle of 3.3 msr with a useful momentum range of 5%.
Data were taken at laboratory scattering angles of 45', 90', and 160'. At 45' and 90' the target angle was set so that the normal to its surface bisected the scattering angle. In this geometry all electrons arriving at the spectrometer have traversed the same thickness of target, so that only the straggling about the average energy loss of the beam contributed to the peak width. At 160', the steepness of the angle of incidence precluded the use of this technique, and the target was set so that its surface normal bisected the supplement of the scattering angle. This resulted in somewhat poorer momentum resolution at 160', because the average energy loss contributed fully to the peak width. The spectrometer was directly connected to the target in vacuum, so that resolution was not degraded by a vacuum window.
The magnetic field in the spectrometer was measured both by a precision nuclear magnetic resonance (NMR) device and a Rawson- Teflon also contains ' C (and 1% ' C) , the kinematic shifts of the carbon levels relative to the fluorine levels gave a good measure of the accelerator energy. In some cases, additional targets of different mass were bombarded as a check on the calibration. In practice, the positions of all known peaks were used as data in a least-squares fit from which the bombarding energy and focal plane parameters were obtained. Typical uncertainties in bombarding energy which resulted from using these techniques were +0.2 MeV.
B. Spectrum sorting and line-shape fitting
After the bombarding energy and the parameters of the focal plane were determined, these quantities were fed to a sorting program which rehistogrammed the raw spectrum into excitation energy bins of preselected width. The excitation energies of the peaks in this sorted spectrum normally matched the previously assigned energies of the levels to within +5 keV.
The sorted spectrum was then fed to a line-shape fitting program to extract the absolute area under each peak.
Due to the low mass of the electron, it radiates freely when passing through matter. This results in a line shape which has a sharp peak, whose width is determined by instrumental resolution and target thickness, combined with a radiative "tail" that extends to lower scattered electron energies. This line shape has been derived analytically in Born approximation, ' but the formulas are too cumbersome to use in fitting a spectrum that may have 50 or more peaks.
It has been found empirically' that the line shape for a sharp state can be well represented by a deformed Gaussian which is smoothly joined (continuous through first derivative) to an inverse third-order polynomial on the high-excitation energy side of the peak. In principle, eight parameters are thus needed to define each peak. In practice, it was found that the peak shape was fairly stable over the 5% useful range of the focal plane. This made it possible to determine the five parameters which define the deformation of the Gaussian and the shape of the tail by fitting to a strong representative peak and then using the same values for most of the remaining peaks.
Since many level energies of ' F are well known, the positions of most of the peaks could be locked to the energies of known levels. The widths of the peaks were almost constant across the usable part of the focal surface when the spectrometer was properly tuned. Thus, for most of the peaks in the spectrum it was necessary to fit only the height of the peak, and the number of parameters to be fitted did not greatly exceed the number of peaks in the spectrum. The presently used line-shape fitting program will accommodate a spectrum with 7S peaks and 100 free parameters.
Since '(r) 
where g is the spin wave function and g is the isospin
The reduced matrix element convention used in this paper is that of Edmonds and de-Shalit and Talmi. The single-particle form factors w(qj,j ', t, ) 
(6) (9) (10)
The integrals ( ) are over the nucleon coordinates rk. In these equations p(r) is the charge density operator, J(c,r) is the convection current density operator, and J(m, r) is the magnetic current density operator p( r, t, ) = g Pk(t, )gt(t, )e5(r rk ),
(1-2) J(m, r, t, ) =+Pk(t, )g, (t, )uN[VX(ok/2)]5(r rk) .
-
In these expressions, ' P ( t, ) is the projection operator for protons ( t, = + -, ) and neutrons ( t, = --, ' ), e. '(r) . (14) The "angular" matrix elements of Eqs. (7) - (10) can be evaluated in terms of nine-j symbols. They are given in this form in most references. ' ' These matrix elements can be expressed still more compactly by making use of the properties of the spherical Bessel functions and the nine-j symbols. ' More details of the derivations of the expressions for the transverse magnetic form factor are given in Appendix A. The corresponding results for the longitudinal and transverse electric form factors have been given by Donnelly and Haxton.
The relationship between our notations and those of Donnelly and Haxton are given in Appendix B.
C. Single-particle form factors w (q, j,j ' ) in terms of single-particle transition densities h ( r, j,j )
All five of the single-particle form factors of Eqs.
(6) - (10) can be reformulated into a concise and uniform notation consisting of integrals over the radial coordinate of spherical Bessel functions jL (qr) multiplied by singleparticle transition densities h (rjj '):
The key components in Eqs. (15) - (19), fhe single-particle transition densities h (rjj ), take th«orms ', t, ) .
The values of the quantities B, C, and D are given by
( 26) where A(L j j' f i Tz, t, ) and
where a~and a are the nucleon creation and destruction operators. The relationship between the multiparticle amplitudes in isospin and proton-neutron formalism is given in Appendix C.
In this context, multiparticle transition between densities (H) and multiparticle form factors ( W) are given by
where R' is the derivative of the radial wave function R.
We note that C(EL, j, j') is the reduced matrix element of F' ' 8'(CL) provided by the continuity equation
Hence the functions h (r) have the properties
The charge density operator and the charge current operator are related by the continuity equation (33) 
The density and current, in general, involve the motions of the nucleons as well as the motions of the exchanged mesons which bind the nucleons together. The fact that the "exchange" densities in the q~0 limit can be neglected on the left-hand side of Eq. (40) is known as Seigert's theorem and is a generalization of the idea of charge conservation. However, at this same level of approximation the exchange current cannot be neglected and hence the total current on the right-hand side should be the sum of the convection currerit J(c) and exchange current J(e).
Some insight into the role of the exchange current can be obtained by considering the commutator of the total Hamiltonian H = T+ V with the density operator with and (Em, q, t, ) =g (m, q, t, ) .
These are normalized so that gf, (X, q =O, t, ) =g (X,t, ) . (56) Three quantities gf, (c,q, p), gf, (c,q, n), and gf, (m, q, p) are well determined experimentally, and we use the conventional approximation gf, (m, q, n) Ig, (n) =gf, (m, q, p) lg, (p) for the fourth.
For most purposes the longitudinal form factor can be approximated in terms of just the point-proton form factor, by where b is the oscillator length parameter chosen to reproduce the rms radius of the nucleus.
To take into account the finite size of the nucleons we start by dividing by the free nucleon g factors at q =0, denoted in Eq. (54) by
From Eqs. (15), (39), and (54), the M(EL) matrix element can be obtained explicitly as
I From Eqs. (3), (16), (17), (39), (54), and those given in Appendix A, the M (ML) matrix element can be obtained explicitly
In terms of these matrix elements, the gamma transi- For the purpose of our comparisons here, it is adequate to include these admixtures by an "additive" effective charge model. ' The effective-charge model is usually applied just to the Despite these problems we have, insofar as is practical, forced a one-to-one match between experimental levels and the composite of the theories in order to clarify how well our present theories reproduce the observed level density. In some cases where the experimental level density is higher than theory, we examine matches which differ from our initial one-to-one match; these are indicated in Table I by the theoretical energies in brackets. As a supplement to Table I distributions. The lowest -, state is the strongest observed in this distribution, and the higher lying -, ' and -, 'states are not prominent. The theoretical spectrum has a clear qualitative resemblance to the measured spectrum, but the differences in detail are more noticeable than in the other instances we have discussed.
In Fig. 2 we present distributions of experimental longitudinal and transverse form-factor values which are analogous to those shown in Fig. 1 but which correspond to a momentum transfer value of 1. 0 fm '. We do not show in this figure the panels of raw data which we did in Fig. 1 The longitudinal form factor for the ground-state (elastic) scattering, shown in Fig. 3 , has already been examined in our discussion of the appropriate oscillator parameter for the radial wave functions. The transverse scattering from this state, also shown in Fig. 3 , indicates that the effective radius of the magnetization distribution is consistent with the charge distribution (see also Ref. 54) . Also, in the context of the SD shell-model wave function, the magnetic strength of this state at momentum transfers up to 2.5 fm ' is consistent with the magnetic moment (see Table II ). Fig. 4 . There is only one SD state in this range, although there are three ZBM states. As can be seen in Fig. 4 Table II ). (26) ', t, ) =dh (MLc+, r jj ', t, )/dr +(L +2)( 1 lr)h (MLc+, r jj ', t, ) dh (MLc, r jj ', t, )/dv-+(L -1)(1/r)h (MLc, r jj ', t, ), h (MLm, rjj ', t, ) =dh (MLm+, rjj ', t, ) Idr +(L +2)(1Ir)h (MLm+, rjj ', t, ) dh (MLm, rj,j ', t, )-/dv +(L -1)(1/r)h (MLm, rjj ', t, ) . 
